OBJECTIVES
Polydipsia and polyuria with dilute urine, hypernatremia, and dehydration are the hallmarks of diabetes insipidus in infants and children. Patients who have diabetes insipidus are unable to conserve water and can become severely dehydrated when deprived of water. The polyuria exceeds 5 mL/kg per hour of dilute urine, with a documented specific gravity of less than 1.010. The hypernatremia is evidenced by a serum sodium concentration in excess of 145 mmol/L (145 mEq/L).
Three conditions give rise to polydipsia and polyuria. The most common condition is central or neurogenic diabetes insipidus related to a deficiency of vasopressin. Less common is nephrogenic diabetes insipidus, including the X-linked recessive, autosomal recessive, and autosomal dominant types due to renal tubular resistance to vasopressin. Finally, these conditions can occur in the compulsive water drinker who demonstrates physiologic inhibition of vasopressin secretion.
The incidence of diabetes insipidus in the general population is 3 in 100,000, with a slightly higher incidence among males (60%). X-linked nephrogenic diabetes insipidus is very rare, with arginine vasopressin receptor 2 (AVPR 2 ) gene mutations among males estimated to be 4 in 1,000,000. The incidence of compulsive water drinking is unknown, but there appears to be a female predisposition (80%). Although the compulsive water drinker commonly presents in the third decade of life, cases have been described in patients from 8 to 18 years of age. Compulsive water drinking is encountered in 10% to 40% of patients who have schizophrenia.
Pathophysiology
The secretion of antidiuretic hormone, arginine vasopressin (AVP), from the posterior pituitary gland is regulated by paraventricular and supraoptic nuclei. AVP acts at the target site of the cortical collecting duct of the kidneys (Fig. 1A) . At the basal lateral membrane of the cortical collecting duct (Fig. 1B) , AVP binds to a vasopressin 2 receptor, which links with G protein and adenylate cyclase to produce cyclic AMP. Protein kinase A subsequently is stimulated and acts to promote aquaporin 2 (AQP 2 ) in recycling vesicles. In the presence of AVP, exocytic insertion of AQP 2 protein at the apical surface of the cortical tubular cells allows water to enter the cell. In the absence of AVP, AQP 2 protein is retrieved by endocytic retrieval mechanisms and returned to the recycling vesicle. Destruction of the posterior pituitary gland by tumors or trauma results in a deficiency of vasopressin and the development of central diabetes insipidus. Nephrogenic diabetes insipidus arises from end-organ resistance to vasopressin, either from a receptor defect or from medications and other agents that interfere with the AQP 2 transport of water.
Pathogenesis
Central diabetes insipidus may be either idiopathic or due to neurogenic causes (Table 1) . Approximately 29% of central diabetes insipidus in children is idiopathic (isolated or familial) compared with 25% in adults. Primary brain tumors of the hypophyseal fossa result in central diabetes insipidus in 50% of children and 30% of adults. Head trauma to the posterior pituitary gland accounts for 2% of cases in children and 17% in adults. Among adults, 9% of central diabetes insipidus results from inadvertent neurosurgical destruction of the posterior pituitary gland, 8% from metastatic carcinoma, and 6% from intracranial hemorrhage and hypoxia. The postinfectious disease process and histiocytosis X cause central diabetes insipidus in 2% and 16% of children, respectively.
The mode of inheritance of idiopathic central diabetes insipidus may be autosomal dominant or autosomal recessive ( Table 2 ). The autosomal dominant type usually presents after 1 year of age, and the molecular defect is a prepro-AVP 2 gene mutation. Central diabetes insipidus inherited by autosomal recessive traits are due to a mitochondrial deletion of 4p16 and usually occurs in children younger than 1 year of age. Nephrogenic diabetes insipidus results from a vasopressin-receptor or AQP 2 water channel defect, with the misfolding of the mutated membrane protein and its retention in the endoplasmic reticulum. The genetic defect is transmitted by an X-linked recessive or autosomal recessive trait. The genetic defect in the AVPR 2 is transmitted by an X-linked recessive trait. The AQP 2 gene defect is transmitted by an autosomal recessive trait.
The acquired form of nephrogenic diabetes insipidus may result from adverse drug reactions, electrolyte disorders, urinary tract obstruction, or other conditions (Table 3) . The polyuria associated with these conditions and medications is not as severe as that seen in central diabetes insipidus or nephrogenic diabetes In compulsive water drinking, also referred to as primary polydipsia, an individual may ingest up to 15 L of water daily and produce an equal volume of urine output. This huge water ingestion leads to physiologic suppression of vasopressin secretion and results in a hypoosmolar urine. Polyuria is decreased at night as polydipsia ceases with sleep. Thus, moderate nocturia distinguishes compulsive water drinking from the other forms of diabetes insipidus (Table 4) .
Clinical Aspects
The diagnosis of diabetes insipidus in infants and children requires a high index of suspicion because the presenting clinical features of poor feeding, failure to thrive, and irritability are nonspecific. Symptoms usually occur a few weeks after birth. The mother initially notices nothing unusual because human milk delivers a low renal solute load. Later in life, as food is introduced to the diet, the increased solute load causes more water excretion.
Neonates who have diabetes insipidus suck vigorously during feeding but vomit immediately afterwards. Nocturia often is reported in children who have diabetes insipidus, and the parents describe the diapers as dripping in urine. These patients usually are irritable as a result of hypernatremia, dehydration, and fever. Because the fever frequently is intermittent and high, affected infants who have diabetes often are evaluated initially for fever of unknown origin. In addition, they may present with constipation or pebble-like hardened stools. Parents usually report relief of these symptoms when water is given.
Because of excessive fluid consumption, the appetite is blunted, and growth retardation is a common feature of children who have diabetes insipidus. Frequent hypernatremic dehydrations and seizures led to reports of mental retardation as a common feature of diabetes insipidus in the past. With earlier recognition and better management today, seizures are less common, and mental retardation no longer is considered a hallmark of the disease. These children often suffer from hyperactivity and short-term memory disorders, which are believed to be due to frequent urination, con- 
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stant search for fluids, and continual disruptions of normal activities and focus. A typical physical examination may reveal an irritable infant who has a dripping diaper. There usually are findings suggesting dehydration, such as a notable decrease in tearing, a depressed anterior fontanelle, sunken eyes, and mottled and doughy skin turgor. In infants and older children, the pulse usually is weak, and hypotension is manifested. Mobile fecaliths often present as abdominal masses. Table 4 summarizes the presentations of central diabetes insipidus, nephrogenic diabetes insipidus, and the compulsive water drinker. With central diabetes insipidus, the onset of polyuria is sudden, the volume of urine is large, nocturia is frequent, and there is a marked preference for ice water. Diabetes insipidus due to trauma or neurosurgical injury is characterized by polyuria that often is triphasic: an initial, intense polyuria lasting for hours to several days, followed by an antidiuretic phase of equal duration, and finally return of transient or permanent polyuria. Polyuria, nocturia, and preference for ice water are more variable in nephrogenic diabetes insipidus and the compulsive water drinker.
Diagnosis

HISTORY
Diabetes insipidus must be considered in any dehydrated infant who has a history of polyuria and laboratory findings of hypernatremia and urinary concentration defect. A family history of diabetes insipidus may focus the diagnosis on specific disorders. Polyuria following head trauma or injury or the presence of neurologic deficits or precocious puberty point to neurogenic diabetes insipidus. A weak urinary stream and a dilated collecting system should alert the physician to the diagnosis of obstructive uropathy.
PRESENTATION
Infants who have nephrogenic diabetes insipidus often present with fever due to dehydration, which may result in convulsions. Infants and children who have nephrogenic diabetes insipidus frequently present with hypernatremia, hyperchloremia, and prerenal azotemia as well as acidosis, which is dependent on the severity of dehydration and hypovolemia. These abnormalities, together with hyperosmolality, are reversed with rehydration. Serum uric acid generally is elevated because of the dehydration, and urinary sodium and chloride levels often are below normal. The urine continues to be dilute, despite hypernatremia in excess of 180 mmol/L (180 mEq/L). Because of the large urine volume that passes through the lower urinary tract system, older children who have a long history of nephrogenic diabetes insipidus often have functional hydronephrosis and an enlarged bladder.
LABORATORY TESTS
A 24-hour urine collection is needed to quantitate the polyuria and to estimate the rate of excretion of osmoles. The urinary specific gravity of the first morning voiding provides a simple estimation of the renal concentration capacity. However, the urinary specific gravity is affected by the presence of glucosuria, proteinuria, or radiocontrast material. Serum calcium, glucose, creatinine, potassium, and urea levels provide additional clues to the correct diagnosis. Low serum osmolality coupled with hypo-osmolar urine suggest the diagnosis of a compulsive water drinker. A high serum osmolality in the presence of normal serum glucose and urea concentrations points to a deficiency or insensitivity to vasopressin.
A diagnostic approach to a child who has polyuria and hypernatremic dehydration is shown in Fig. 2 . The water deprivation test (Table 5) should be performed during daytime hours because of the better availability of medical and nursing personnel. An elevation of plasma osmolality in excess of 10 mOsm/kg over baseline, with the urine specific gravity remaining less than 1.010 after a short water deprivation test, establishes the diagnosis of diabetes insipidus. The next diagnostic step uses 1-desamino-8-D-arginine vasopressin (DDAVP) intranasally at 5 mcg for neonates, 10 mcg for infants, and 20 mcg for children to differentiate the type of diabetes insipidus. If the urine osmolality is increased by more than 450 mOsm/ kg, central diabetes insipidus is established. If the urine osmolality remains less than 200 mOsm/kg, nephrogenic diabetes insipidus is the likely diagnosis. Urine osmolality increasing in excess of 750 mOsm/kg suggests a compulsive water drinker. If rhinitis or sinusitis preclude intranasal administration, DDAVP can be administered intravenously at 1/10 the intranasal dose. Table 6 shows the serum and urine osmolality associated with the different types of diabetes insipidus in the basal state and after water deprivation or antidiuretic hormone administration. Fig. 3 shows how the plasma arginine vasopressin correlates with plasma osmolality and allows the distinction of central diabetes insipidus from normal and from nephrogenic diabetes insipidus.
MAGNETIC RESONANCE IMAGING (MRI)
Both the anterior and posterior pituitary glands and stalk can be visualized by use of MRI. The posterior pituitary lobe appears as a round, high-intensity signal ("bright spot") in the sella turcica; the presence of such a signal is inconsistent with a diagnosis of central diabetes insipidus.
In addition, MRI has been used to delineate the cause of central diabetes insipidus. Sagittal MRI enhanced with gadolinium may demonstrate a large suprasellar mass. Loss of the bright T1-weighted signal within the sella may indicate a pituitary cyst, pituitary hypoplasia, or an atopic lobe of the posterior pituitary, which can be the cause of complete or partial vasopressin deficiency. In combination with a displaced bright signal of the posterior gland, such a finding indicates an ectopic gland.
POLYURIC DEHYDRATION SOLUTE DIURESIS WATER DIURESIS
• Urine-to-plasma osmolality ratio Ͼ0.7
• Urine-to-plasma osmolality ratio Ͻ0.7 • Osmotic clearance Ͼ3 mL/min
• Osmotic clearance Ͻ3 mL/min • Polyuria Ͼ5 mL/kg per hour • Urine specific gravity Ͻ1.010 2
SHORT WATER DEPRIVATION
• Elevation of plasma osmolality Ͼ10 mOsm/kg over baseline • Urine specific gravity Ͻ1.010 2
DIABETES INSIPIDUS
• 1-desamino-8-D-arginine vasopressin (DDAVP) intranasally -5 mcg for neonates -10 mcg for infants -20 mcg for children 2 2 2 Urine osmolality Ͼ450 mOsm/kg Urine osmolality Ͼ750 mOsm/kg Urine osmolality Ͻ200 mOsm/kg
CENTRAL DIABETES INSIPIDUS COMPULSIVE WATER DRINKER NEPHROGENIC DIABETES INSIPIDUS
FIGURE 2. Differential diagnostic evaluation for polyuric dehydration, including the use of short water deprivation and 1-desamino-8-D-arginine vasopressin (DDAVP).
Differential Diagnosis
The differential diagnosis of polydipsia or polyuria should include diabetes mellitus. This is easily differentiated from diabetes insipidus by the hyperglycemia, ketonuria, glucosuria, and high anion gap acidosis associated with diabetic ketoacidosis. Chronic renal failure also must be included in the differential diagnosis. Although the polyuria of chronic renal failure is less severe than that seen in diabetes insipidus, it is more difficult to reverse azotemia with hydration. Diabetes insipidus always should be differentiated from small-volume urinary frequency. In this condition, the polyuria is not accompanied by polydipsia. Increased urinary frequency may be due to cystitis, masturbation, sexual abuse, urethral irritation, and urethritis.
Polyuria may follow solute (glucose, saline, mannitol, urea) diuresis. A urine-to-plasma osmolality ratio greater than 0.7 and clearance of osmolality of more than 3 mL/min points to solute-induced diuresis, instead of water diuresis, which occurs in diabetes insipidus. The hypernatremia of primary hyperaldosteronism is mild and accompanied by hypertension, hypervolemia, and suppression of plasma renin activity.
Management
The treatment of choice for central diabetes insipidus is intranasal DDAVP at doses of 5 to 20 mcg daily. Rhinitis and sinusitis may reduce intranasal absorption of this drug. Antibodies to this synthetic analog of vasopressin have not been encountered. The dose of oral preparations is 20-fold greater than the intranasal dose. Aqueous vasopressin or desmopressin (4 mcg/mL ampule) can be used intravenously for acute hypophysectomy diabetes insipidus and often is used in brain-dead organ donors.
Central diabetes insipidus has responded to chlorpropamide with a 25% to 75% reduction in polyuria. The antidiuretic mechanism of this hypoglycemic agent is not entirely clear. Clofibrate also has been shown to reduce polyuria in central diabetes insipidus and may be used alone or in conjunction with DDAVP or chlorpropamide. Finally, thiazide diuretics (hydrochlorothiazide 2 to 3 mg/kg per day) decrease the frequency of urination by 50% or more when accompanied by salt restriction and are effective in both central and nephrogenic diabetes insipidus.
Oral repletion of water often is sufficient to reverse acute dehydration in diabetes insipidus. However, if parenteral rehydration is required, 3% rather than 5% dextrose is preferred. Glucose infusion exceeding the rate of glucose utilization may worsen the patient's pre-existing state of hyperosmolality. In addition, the ensuing glucosuria may result in an osmotic diuresis, which aggravates the hyperosmolality and dehydration further.
There are no effective pharmacologic agents to treat a compulsive water drinker. Small, short-acting doses of DDAVP administered at bedtime may reduce nocturia, although this therapeutic approach is controversal. Headaches and hypertension may result from water retention caused by the DDAVP. This approach should be used cautiously.
A low-osmolar, low-sodium diet should be initiated to manage congenital nephrogenic diabetes insipidus. Human milk is preferred in infancy because protein constitutes 6% of caloric intake. Sodium intake should be reduced to 0.7 mEq/kg per day. In a child who has nephrogenic diabetes insipidus, protein intake should constitute 8% of caloric intake, and sodium intake should be less than 0.7 mEq/kg per day. This low-solute diet should be coupled with thiazide diuretics (hydrochlorothiazide 2 to 3 mg/kg per day in three divided doses or chlorothiazide 30 mg/kg per day). The diuretics increase sodium loss by inhibiting its reabsorption in the cortical diluting tubule. The ensuing extracellular fluid contraction augments proximal tubular reabsorption of water. These maneuvers usually result in a 50% reduction in polyuria. Side effects of thiazide diuretics include hypokalemia and (rarely) neutropenia. The tendency toward hypokalemia can be countered with potassium supplementation or the use of potassium-sparing diuretics, 
Method
• Collect baseline urine and blood (osmolality and electrolytes).
• Deprive of water after breakfast until significant dehydration occurs.
• Weigh every 2 hr; limit dehydration to 3% to 5% loss of body weight.
• Monitor urine specific gravity hourly; if 1.014 or greater, terminate test and obtain appropriate blood and urine specimens for osmolality.
• Limit water deprivation to 7 hr (4 hr for infants).
• Collect urine and blood for osmolality and electrolytes.
• If polyuria persists, administer intranasal DDAVP.* • Replace urine output with fluid.
• After 4 hr (2 hr in infants), obtain urine and blood osmolality.
Results
• Normal response to dehydration or DDAVP: -Urine osmolality Ͼ450 mOsm/kg. -Urine/serum osmolality Ն1.5. -Urine/serum osmolality increases from baseline 1.0 or more.
• Expect normal response in central and psychogenic diabetes insipidus.
• Above criteria not met in nephrogenic diabetes insipidus. 
Prognosis
Although mental retardation resulting from hypernatremic dehydration and encephalopathy has been associated with diabetes insipidus in the past, early recognition and treatment have eliminated this feature of the disease. However, short attention span, hyperactivity, and learning and psychomotor delays continue to be seen. Nonobstructive functional hydronephrosis and hydroureters may be encountered and should be followed by renal ultrasonography and urography. Chronic renal insufficiency may occur by the second decade of life in children who have nephrogenic diabetes insipidus due to glomerular thromboembolic complications of dehydration. Transient diabetes insipidus may follow neurosurgery, although this usually resolves spontaneously. If vasopressin deficiency persists beyond a few weeks, however, permanent diabetes insipidus will ensue. On rare occasions, chronic central diabetes insipidus has remitted spontaneously despite persistent deficiency of vasopressin. The mechanism of this remission is not known.
As long as water is available to replace the large urine output, patients remain asymptomatic except for the inconvenience of the polydipsia and polyuria. However, when the need for water cannot be communicated, such as in infancy, or when patients are anesthetized or unconscious, the lack of water replacement precipitates a lifethreatening risk of dehydration.
Recent Developments
Perinatal testing for carrier detection of X-linked nephrogenic diabetes insipidus with mutation analysis of the AVPR 2 gene now is available. Cord blood obtained immediately after delivery and before placental extraction has yielded favorable results for such early genetic diagnosis.
